A structure for surface-plasmon-polariton mediated directional off-axis beaming with a dynamic tunability of radiation direction is proposed. The key finding in this Letter is that properly designed metal-dielectric composite grating structures surrounding subwavelength metal slit produce a dynamically tunable off-axis beaming effect with variation of the grating permittivity value. The controllability of beam direction by the grating permittivity value opens a way to develop active plasmonic devices based on the beaming effect. There are still many challenging problems associated with basic functions for managing and controlling SPPs at nano dimensions. An interesting feature associated with SPP reported recently is the beaming effect from subwavelength holes and slits [3, 4] . A subwavelength metal hole with a circular concentric surface grating generates an on-axis directional beaming effect that is mediated by SPP and its diffraction by the surface grating. Following the first demonstration of the SPP beaming [3] , an off-axis directional beaming structure with asymmetric surface dielectric grating was reported [4] . In this configuration, respective periods of the left-and right-side dielectric surface gratings are asymmetrically matched to diffractively radiate the leftward and rightward SPP waves toward a specified spatial direction and, as a result, generate an off-axis directional beaming effect. The dynamic tunability of the SPP mediated beaming is considered the next challenging issue of active plasmonics. However, the previous beaming structures are not appropriate for the dynamic radiation direction tuning, since the asymmetric arrangement of the grating periods requires unpractical mechanical controls on the nanoscale. The design of permittivity-sensitive structures and the proper use of the variation of the permittivity value to control plasmonic phenomena are the basic steps for developing feasible active plasmonic devices.
A surface plasmon polariton (SPP) is an electromagnetic surface mode coupled with surface conduction electrons at metal-dielectric interfaces [1] . Basic and advanced engineering functions as well as fundamental features of SPPs have been intensively researched. SPP is considered to provide a unique way with which photonic systems can be integrated on nanoscale chips in fusion with nanoelectronics [2] . There are still many challenging problems associated with basic functions for managing and controlling SPPs at nano dimensions.
An interesting feature associated with SPP reported recently is the beaming effect from subwavelength holes and slits [3, 4] . A subwavelength metal hole with a circular concentric surface grating generates an on-axis directional beaming effect that is mediated by SPP and its diffraction by the surface grating. Following the first demonstration of the SPP beaming [3] , an off-axis directional beaming structure with asymmetric surface dielectric grating was reported [4] . In this configuration, respective periods of the left-and right-side dielectric surface gratings are asymmetrically matched to diffractively radiate the leftward and rightward SPP waves toward a specified spatial direction and, as a result, generate an off-axis directional beaming effect. The dynamic tunability of the SPP mediated beaming is considered the next challenging issue of active plasmonics. However, the previous beaming structures are not appropriate for the dynamic radiation direction tuning, since the asymmetric arrangement of the grating periods requires unpractical mechanical controls on the nanoscale. The design of permittivity-sensitive structures and the proper use of the variation of the permittivity value to control plasmonic phenomena are the basic steps for developing feasible active plasmonic devices.
In this Letter, a structure for SPP mediated directional off-axis beaming with dynamic tunability of radiation direction is proposed. The operation of the tunable directional beaming through the permittivity change is demonstrated with numerical simulations. The proposed structure is the subwavelength metal slit with metal-dielectric composite surface gratings with asymmetric permittivity values, as shown in Fig. 1(a) . In the proposed structure, the left and right surrounding gratings have the same period p and fill factor f but different grating permittivity values, ⑀ L and ⑀ R , respectively. It is noted that the surface gratings in the previous structure [4] have the same grating permittivity but different period. Besides, the structural parameters such as offset h s , dielectric thickness t d , and metal-coating thickness t m are important variables.
The basic mechanism of forming a collimated beam is the superposition of separate diffraction fields of leftward and rightward SPP waves generated by the Within the first-order approximation, the x-directional wave-vector components of the leftand right-side diffractive radiating waves,
where k SPP L and k SPP R denote the wavenumber of the leftward and rightward SPP waves, respectively, which are a function of structural parameters (grating thickness, period, and fill factor) and the material parameter (permittivity value). In the case of the proposed structure, the difference or asymmetry between k SPP L and k SPP R occurs by the difference in the permittivity values, ⑀ L and ⑀ R . For off-axis beaming for a specified direction, the permittivity pair, ͑⑀ L , ⑀ R ͒ should be extracted from the relationship
The above equation is a necessary condition for matching the diffraction fields generated by the left and right sides. In practice, the fine tuning of the structural parameters not appearing in Eq. (2), i.e., offset h s , dielectric thickness t d , and metal-coating thickness t m , is very important and optimized by numerical simulation. In this Letter, the electromagnetic simulation analysis is performed with the use of rigorous coupled-wave analysis (RCWA) [4, 5] . Before discussing the double-side grating structure shown in Fig. 1(a) , let us consider the configuration with single (right) side grating structure illustrated in Fig. 1(b) and investigate the relationship between the diffraction-radiation-beaming angle and the permittivity value. The characterization of the singleside grating structure provides basic information of designing optimal double-side grating structure. For a wavelength of 532 nm, the grating structure is determined to clearly produce the on-axis beaming effect with RCWA for metal permittivity of ⑀ m = −10.1798+ j0.8259, metal-film thickness of 300 nm, and slit width of 100 nm. Based on the RCWA test, the grating period, fill factor, offset, dielectric thickness, and metal thickness are taken as p = 390 nm, f = 0.5, h s = 20 nm, t d = 80 nm, and t m = 20 nm, respectively. The RCWA on diffraction-field distributions generated by the metal slit with single-side surface grating with changing the permittivity values was performed. The electric field intensity distributions for the permittivity values of ⑀ R = 1.0, ⑀ R = 2.0, ⑀ R = 4.0, and ⑀ R = 5.0 are presented in Figs. 2(a)-2(d) , respectively. For a beam pattern, the radiation angle is defined by the angle between the line connecting the maximum electric field intensity point on the circle with the radius of 15 m and the origin ͑x , z͒ = ͑0,0͒ and the optic axis.
Our main finding is that the variation in the permittivity value of the proposed metal-dielectric composite grating directly changes the beam-radiation angle and simultaneously conserves the beaming structure. Through repeated simulation works, we could see that the roles of the metal coating with finite thickness and the finite offset distance h s are critical factors for beaming effect. In this Letter, the metal-coating thickness and the offset distance are set to t m = 20 nm and h s = 20 nm, respectively. The significance of the proposed structure is that the metaldielectric composite grating structure can conserve the beaming structure with grating permittivity variation, while the dielectric grating structure cannot sustain the beaming structure. The role of the thin-metal coating seems to be the sustainment of the Bragg condition of the metal-dielectric composite grating, even with the change of the dielectric permittivity value. However, for the pure dielectric grating, the change in grating permittivity value leads directly to the Bragg mismatch for the SPP waves. We can find a specific dielectric-only structure for beaming toward a specific direction; however, with varying the grating permittivity, the diffraction patterns with strong side lobes appear. Just two metal-dielectric composite rectangular reliefs at the right and left sides show the directional radiation feature of SPP waves to a specific direction that is varied with the dielectric permittivity value. As the number of grating grooves increases, the beam structure becomes well shaped and the radiation efficiency rises. The full understanding of this phenomenon is not unveiled in this Letter, but will be reported in the nearfuture paper. In this Letter, the phenomenological finding and its application to off-axis beaming with a double-side metal-dielectric surface grating structure are described.
With the RCWA simulations, we can obtain the permittivity value ⑀ R as a function of radiation angle for the subwavelength metal slit with a single-side surface grating, as shown in Fig. 3 . The plot shows a slight nonlinear monotonic increasing curve of ⑀ R ͑͒ in the range of ⑀ R =1-5 for the radiation angle of =−10͑deg͒ -10͑deg͒. Let us consider the configuration of the double-side grating structure shown in Fig.  1(b) . As mentioned, the structural parameters of the left-and right-side gratings, except the grating permittivity values, are the same. For the radiation angle , the permittivity values of the left-and rightside gratings are given by ⑀ L ͑͒ and ⑀ R ͑͒, respectively. In the double-side grating structure, the permittivity value of the left grating ⑀ L ͑͒ is given by the complementary function of ⑀ L ͑͒ = ⑀ R ͑−͒ for the radiation angle . In Fig. 4 , directional off-axis beaming from the subwavelength metal slit with the double side surface metal-dielectric surface grating is demonstrated. As shown in Fig. 4 , by varying the permittivity values of ⑀ L ͑͒ and ⑀ R ͑͒, we can see clearly collimated beam profiles toward the specified radiation directions. In Figs. 4(a)-4(d) , the beaming with the radiation angles of =−10͑deg͒, =−6͑deg͒, = −3͑deg͒, and =0͑deg͒ are presented. For respective cases, the pair of the left and right permittivity values are given by ͑⑀ R , ⑀ L ͒ = ͑1.0, 4.8͒, ͑⑀ R , ⑀ L ͒ = ͑1.6, 4.4͒, ͑⑀ R , ⑀ L ͒ = ͑2.0, 3.5͒, and ͑⑀ R , ⑀ L ͒ = ͑2.6, 2.6͒. The resulting collimated beams are the superposition of two partial beams generated by the left-and right-side surface gratings.
In conclusion, we have proposed the subwavelength metal slit with surrounding metal-dielectric composite surface grating structures with the asymmetric arrangement of permittivity values for tunable SPP mediated beaming. The demonstrated controllability of the radiation direction by varying the permittivity values opens a way to make feasible active plasmonic devices based on the beaming effect. Even a slight beam direction change due to the practical limitation in the dynamic range of electro-optic permittivity variation could be applied for active plasmonic switches and modulators. 
